In bacteria, signaling phosphorylation is thought to occur primarily on His and Asp residues. 18 However, phosphoproteomic surveys in phylogenetically diverse bacteria over the past decade 19 have identified numerous proteins that are phosphorylated on Ser and/or Thr residues. 20 Consistently, genes encoding Ser/Thr kinases are present in many bacterial genomes such as E. 21 coli, which encodes at least three Ser/Thr kinases. Here we identify a previously uncharacterized 22 ORF, yegI, and demonstrate that it encodes a novel Ser/Thr kinase. YegI lacks several conserved 23 residues including those important for Mg 2+ binding seen in other bacterial Ser/Thr kinases, 24 suggesting that the consensus may be too stringent. We further find that YegI is a two-pass 25 membrane protein with both N-and C-termini located intracellularly. 26 27 28 42 eSTKs, atypical Ser/Thr kinases lack any sequence homology to eukaryotic kinases. So far, three 43 genes (hipA, yeaG, yihE) encoding Ser/Thr kinases have been reported in E.coli of which HipA 44 and YihE are atypical Ser/Thr kinases while YeaG is an eSTK. YeaG plays a role in nitrogen 45 starvation (8), YihE is involved in the Cpx stress response (9) and cell death pathways (10) and 46 HipA regulates bacterial persister formation by phosphorylating a tRNA synthetase (11,12). 47 53 Additionally, we show that YegI kinase activation follows second order kinetics, consistent with 54 the proposed oligomerization-dependent activation of eSTKs. 55 Results 56 YegI is a novel eukaryotic-like Ser/Thr kinase 57 Our lab previously identified a novel PP2C-like phosphatase in the E. coli genome encoded by 58 the pphC (yegK) gene (13). Often, phosphatases of this class are found proximal to eukaryotic-59 like Ser/Thr kinases (eSTKs) (7). Inspection of the genome of the E. coli B strain REL606 revealed 60 the presence of a 1941bp ORF yegI, encoding a 646 amino acid protein predicted to be a Ser/Thr 61 kinase, immediately downstream of pphC. Of note, BLAST analysis of E. coli with previously 62 identified Ser/Thr kinases including YeaG and HipA does not identify yegI. In E. coli REL606 and 63
Introduction 29
Reversible protein phosphorylation is an important regulatory mechanism in eukaryotes and 30 prokaryotes (1). In eukaryotes, signaling phosphorylation typically occurs on serine, threonine or 31 tyrosine residues and is mediated by the combined action of kinases and phosphatases. In 32 prokaryotes, signaling phosphorylation has been thought to occur largely on histidine and 33 aspartate residues mediated by histidine kinases of two-component systems (2). However, mass 34 spectrometry based-phosphoproteomic analyses over past decade have identified numerous 35 Ser/Thr/Tyr phosphorylated proteins in many bacteria, including Escherichia coli (3) (4) (5) (6) . Some of 36 these phosphoproteins and their specific phosphosites are conserved in divergent species (4) 37 suggesting that this regulation is physiologically relevant. 38 Ser/Thr kinases from phylogenetically diverse bacteria have been described (7) . Bacterial 39 Ser/Thr kinases can be divided into two classes based on their structure and sequence homology: 40 eukaryotic-like Ser/Thr kinases (eSTKs) and atypical Ser/Thr kinases. eSTKs bear striking 41 resemblance in structure and function to Hanks family Ser/Thr kinases from eukaryotes (7) . Unlike However, the authentic in vivo substrates of these kinases and/or their proximal activating stimuli 48 are largely uncharacterized, complicating efforts to understand their precise physiological role. 49 Here, we report that the previously uncharacterized E. coli yegI gene encodes a Ser/Thr 50 kinase. We describe the biochemical characterization of YegI, which we demonstrate is an 51 integral membrane sSTK. Despite differences in conserved residues observed in other eSTKs, 52 we show that YegI is an active kinase and is sensitive to the kinase inhibitor staurosporine.
all the structural features seen in M. tuberculosis eSTK PknB ( Supplementary Fig. 2A ). 82 Specifically, YegI adopts the canonical bilobed structure seen in eSTKs. The N-terminal lobe of 83 the YegI kinase domain contains the ATP binding P-loop and the helix C structure (Supplementary 84 Fig. 2B ) which is responsible for proper orientation of the active site with the substrate. The C- 85 terminal lobe includes the catalytic loop containing all the residues required for catalysis and an 86 activation loop that is important for kinase activation by autophosphorylation. Thus, although the 87 YegI sequence is only ~20% identical to PknB (Fig.1) , the similarity of the predicted structure of 88 YegI to that of PknB ( Supplementary Fig. 2A ), strongly suggests that YegI is an eSTK. 89 90 YegI is an active kinase 91 We previously demonstrated that a His6-tagged version of YegI is capable of autophosphorylation 92 (13) despite the absence of three of the ten absolutely conserved residues (Fig. 1) . To confirm 93 that YegI belongs to the eSTK family, we examined the consequences of mutations in the 94 conserved lysine at position 39 and a conserved aspartic acid site at position 141, which play a 95 crucial role in ATP binding and catalysis, respectively, in this family (17) . We generated YegI 96 mutant proteins carrying either lysine to aspartic acid (K39D) and aspartic acid to asparagine 97 (D141N) changes. The mutant proteins were expressed and purified in the same manner as the 98 wildtype YegI. Kinase activity was demonstrated using an in vitro radioactive kinase assay using 99 radiolabeled -[ 32 P]ATP. Mutation of either Lys-39 or Asp-141 resulted in complete loss of 100 autophosphorylation activity as compared to the wildtype protein indicating that both residues are 101 essential for kinase activity ( Fig. 2A ). 102 We examined how the lack of some of the conserved residues affected YegI function in a 103 series of standard assays of bacterial Ser/Thr kinases. For example, staurosporine is widely used 104 as a small molecule inhibitor for Ser/Thr kinases (18) and bacterial eSTKs are typically sensitive 105 to staurosporine with IC50 in the µM range (19) . Sensitivity of the YegI kinase to staurosporine 106 was assessed by incubating YegI with increasing concentrations of staurosporine. YegI shows an 107 IC50 of ~50 µM (Fig. 2B ), comparable to the Enterococcus faecalis eSTK IreK (IC50 of 150 µM 108 (20)) and the Staphylococcus epidermis eSTK Stk (IC50 of 320 µM (21)). Bacterial eSTKs require 109 the presence of bivalent cations for activity (22) (23) (24) (25) . We therefore investigated the effect of 110 different bivalent cations on YegI activity by performing radioactive kinase assays in the presence 111 of either MgCl2/MnCl2/CaCl2/NiCl2. Similar to many eSTKs, YegI catalyzed autophosphorylation 112 only in the presence of MgCl2 and MnCl2, albeit to different levels. YegI displayed much higher 113 autophosphorylation in the presence of Mn 2+ ion than Mg 2+ ion suggesting that YegI is a Mn 2+ 114 dependent kinase ( Supplementary Fig. 3 ). The concentration dependence of YegI kinase activity 115 on Mg 2+ or Mn 2+ was measured and the optimal MnCl2 concentration was determined to be 116 between 0.1-1 mM whereas optimal MgCl2 concentration was between 1-10 mM (Fig.3A ) 117 indicating that YegI kinase is more active in the presence of MnCl2 than MgCl2. 118 In eSTKs, the highly conserved DFG motif present in domain VII coordinates Mg 2+ ion 119 binding (26, 27) . However, amino acid sequence alignment reveals that YegI does not contain the 120 DFG sequence found in bacterial eSTKs but instead the sequence DSD ( Fig. 1; Fig. 3B ). To 121 examine if addition of the DFG motif to YegI alters preference to MgCl2, we generated a mutant 122 protein carrying changes of Ser-160 to a phenylalanine and Asp-161 to a glycine (S160F, D161G). 123 Additionally, we generated a mutant protein carrying a change of Asp-161 to a glycine (D161G) 124 which would change the DSD sequence to the DSG consensus motif. Mutants were expressed 125 and purified in the same manner as wildtype YegI and kinase activity in the presence of 126 MgCl2/MnCl2 was assessed. Surprisingly, replacement of DSD to DFG or to DSG completely 127 inactivated the kinase (Fig. 3B ) indicating that the DSD motif is indispensable for YegI 128 autophosphorylation.
provide insight into how bacterial homologs of these kinases are activated. We performed 134 standard autophosphorylation assay (Fig. 4A ) using a range of YegI concentrations and 135 measured formation of radiolabeled phosphorylated YegI (Fig. 4B ). Our results indicate that YegI 136 autophosphorylation is not first order and are consistent with YegI undergoing oligomerization. To 137 map the sites of autophosphorylation, His6-YegI that had been subjected to an in vitro kinase 138 reaction was analyzed by mass spectrometry. Five phosphopeptides that each included at least 139 a single serine residue were identified, leading to the conclusion that 162 in the predicted activation loop and Ser-602 and Ser-644 at the C-terminus of YegI were 141 phosphorylated ( Fig. 5A ). To characterize the functional importance of the C-terminal 142 phosphosites, we generated single and double phosphoablative serine to alanine mutants. The 143 mutant proteins were expressed and purified in the same manner as the wildtype protein and 144 assessed for loss of autophosphorylation using a radioactive kinase assay. Since mutation of both 145 Ser-602 and Ser-644 to alanine resulted in only a modest decrease in overall 146 autophosphorylation, phosphorylation of these residues is not necessary for normal YegI activity 147 ( Fig.5B ). 148 Since eSTKs undergo autophosphorylation on Ser or Thr residues in the activation loop of 149 the kinase domain (28-31), we investigated the phosphosites in the 150 putative YegI activation loop. All three residues are located between Motif VI and VII in close 151 proximity to the catalytic loop and activation loop suggesting that phosphorylation of these 152 residues could be important for kinase activity. We mutated each Ser to an alanine to examine if 153 phosphorylation of these Ser residues impacted kinase activity. We observed that mutating Ser- We observed that purification of recombinant His6-YegI required the presence of the anionic 160 detergent N-lauryl sarcosine suggesting that YegI is a membrane protein. Consistently, the 161 membrane topology algorithm Phobius (32) predicts that YegI consists of two transmembrane 162 domains joined by a short periplasmic loop with both the N-and the C-terminus located in the 163 cytosol ( Fig. 6A ). We used the PhoALacZα dual reporter system (33) (34) (35) (36) 199 In silico analysis revealed that YegI belongs to the class of eSTKs that contain all the 11 key 200 structural subdomains that are characteristic of eukaryotic protein kinases (17). Homology search 201 using YegI kinase domain revealed that it was similar to kinase domains of several bacterial 202 eSTKs (Supplementary Fig. 2A ). Unlike other bacterial eSTKs, however YegI includes only seven 203 of the ten absolutely conserved residues responsible for ATP binding, catalysis, and substrate 204 recognition (14,17) ( Fig. 1 ). Despite the absence of these conserved residues, YegI encodes an 205 active protein kinase ( Fig. 2A ) that undergoes autophosphorylation primarily on serine residues 206 ( Fig. 5A ) Similar to most bacterial eSTKs, autophosphorylation of YegI on serine residues in the 207 activation loop is critical for catalytic activity of YegI ( Fig. 5B ). 208 Although the predicted structure of YegI closely resembled the structure of the bacterial eSTK 209 PknB ( Fig. 4.1D ), the YegI sequence shows striking deviations in the conserved regions 210 particularly in the catalytic loop and the Mg 2+ -binding DFG loop ( Fig. 1) YegI lacks the highly conserved DFG (aspartate-phenylalanine-glycine) loop in motif VII (Fig.1,   216 3B) which recognizes the Mg 2+ -bound ATP (37). Instead, YegI contains a DSD (aspartate-serine-217 aspartate) sequence suggesting either that YegI might be an inactive kinase or that the DFG loop 218 is not essential for every kinase. Our results suggest the latter, since, despite these differences 219 in highly conserved residues, YegI is an active kinase ( Fig. 2A ) that requires the bivalent cations 220 Mg 2+ /Mn 2+ for activity with preference for Mn 2+ (Fig. 3A ). We speculated that addition of DFG loop 221 could help kinase activation. However, replacing the DSD loop in YegI with the canonical DFG 222 loop failed to increase activity or preference for Mg 2+ ion and instead completely abolished activity 223 ( Fig. 3B) . 224 This result suggests that the presence of a serine and an aspartic acid residue in the DSD 225 loop might be critical for activity and could affect YegI autophosphorylation. Consistently, we 226 observed that the serine residue in the DSD loop is one of the three serine residues that 227 undergoes autophosphorylation and is required for activity of the kinase (Fig. 5A,B ). Substitution 228 of all three serine residues with alanine residues (Ser153Ala, Ser160Ala, Ser162Ala) decreased 229 YegI kinase activity to different extents indicating that these residues are important for (28). This provides an alternate mechanism of activation especially 248 for soluble kinases that lack a membrane bound domain. Unlike most eSTKs, YegI lacks an extra 249 cytoplasmic sensor domain and instead is a double pass membrane protein with both the N and 250 C terminus in the cytoplasm (Fig. 6B) . Additionally, our studies show that YegI follows second 251 order kinetics which is consistent with dimer formation (Fig. 4A,B) . Future studies will be aimed 252 at understanding the mechanism of activation of YegI. 253 An interesting feature of the genomic organization of yegI is that it differs in closely related E. 254 coli strains ( Supplementary Fig.1 ). In most pathogenic strains and lab B strains of E. coli, yegI 255 occurs immediately downstream of pphC, a PP2C-like phosphatase with a four nucleotide overlap 256 while in K strains this locus is disrupted by a gene, yegJ, encoding an ORF without similarity 257 previously identified proteins, suggesting potential regulatory differences between strains. In 258 REL606 strains, yegI expression was detected only in stationary phase but at very low levels 259 (data not shown). However, since the identity of the physiological stimulus that initiates yegI 260 expression and activation remains unknown, it is difficult to interpret the functional implications of 261 the altered gene locus. 262 An additional open question is the identity of YegI substrate(s). There are many candidates 263 as ~100 cellular proteins were found to be phosphorylated on Ser/Thr residues in E. coli (4). A 264 useful strategy to identify authentic in vivo substrates is comparative phosphoproteomics where 265 the phosphoproteomes of a strain lacking either the eSTK or partner eSTP are compared with the 266 WT strain. This methodology has been utilized previously for identifying phospho substrates of B. Phosphoablative point mutants used in the study were generated using the same strategy 384 as above and details of plasmid construction are described in Supplementary table S2 . Reactions were incubated at 37 ºC for 30 mins and were stopped using 3X Laemmli buffer and 407 boiled for 5 min at 95 ºC. Samples were resolved on a 12% SDS-PAGE gel and visualized by 408 staining with Coomassie dye. Radioactive gels were dried for 30 mins at 80 ºC in a gel dryer, 409 exposed to a phosphoscreen and visualized by autoradiography using a Typhoon Scanner (GE 410 Healthcare). control. Reactions were incubated at 25 ºC for 10mins followed by addition of 5 µCi of [g-32 P] ATP 418 (Perkin Elmer). Reactions were incubated for additional 30 mins at 37 ºC and were stopped using 419 3X Laemmli buffer. Samples were boiled for 5 min at 95 ºC and resolved on a 12% SDS-PAGE 420 gel. Gel was visualized by staining with Coomassie dye. Radioactive dried gel was exposed and 421 visualized by autoradiography using a Typhoon Scanner (GE Healthcare). MnCl2. Reactions were incubated at 37 ºC for 30 mins and were stopped using 3X Laemmli buffer 437 and boiled for 5 min at 95 ºC. Samples were resolved on a 12% SDS-PAGE gel and visualized 438 by staining with Coomassie dye. Radioactive gels were dried for 30 mins at 80 ºC in a gel dryer, 439 exposed to a phosphoscreen and visualized by autoradiography using a Typhoon Scanner (GE 440 Healthcare). NEBaseChanger. Primers were designed such that the 5' ends were annealing back-to-back 469 following manufacturer's instructions. PCR amplification was performed using Q5 hotstart high 470 fidelity master mix (NEB) with respective primers and 2 ng of Plasmid pKR72 as template DNA. 471 The PCR product was subsequently treated with Kinase/Ligase/Dpn1 mix for 5 mins and 472 transformed in NEB5alpha competent E. coli cells (NEB C2987). This method generated plasmids 473 with in-frame pho-lac fusions to different codons of YegI at positions E439 (pKR73), T432 474 (pKR74), R414 (pKR75), E390 (pKR76), E340 (pKR77). pKR78, a derivative of pKR72 lacking 475 yegI was used as a control plasmid and was constructed using the same method using primers This study Cloning vector, ampR (Guzman, Belin, Carson, & Beckwith, 1995) pKR31 yegI was amplified from REL606 genomic DNA using KR58/KR59 primers, digested with NcoI/SphI and ligated into pBAD24
